Objective: The aim of this retrospective study was to determine the gadolinium (Gd) concentration in different brain areas in a pig cohort that received repeated administration of Gd-based contrast agents (GBCAs) at standard doses over several years, comparable with a clinical setting. Material and Methods: Brain tissue was collected from 13 Göttingen mini pigs that had received repeated intravenous injections of gadopentetate dimeglumine (Gd-DTPA; Magnevist) and/or gadobutrol (Gadovist). The animals have been included in several preclinical imaging studies since 2008 and received cumulative Gd doses ranging from 7 to 129 mmol per animal over an extended period. Two animals with no history of administration of GBCA were included as controls. Brain autopsies were performed not earlier than 8 and not later than 38 months after the last GBCA application. Tissues from multiple brain areas including cerebellar and cerebral deep nuclei, cerebellar and cerebral cortex, and pons were analyzed for Gd using inductively coupled plasma mass spectrometry. Results: Of the 13 animals, 8 received up to 48 injections of gadobutrol and Gd-DTPA and 5 received up to 29 injections of gadobutrol only. In animals that had received both Gd-DTPA and gadobutrol, a median (interquartile range) Gd concentration of 1.0 nmol/g tissue (0.44-1.42) was measured in the cerebellar nuclei and 0.53 nmol/g (0.29-0.62) in the globus pallidus. The Gd concentration in these areas in gadobutrol-only animals was 50-fold lower with median concentrations of 0.02 nmol/g (0.01-0.02) for cerebellar nuclei and 0.01 nmol/g (0.01-0.01) for globus pallidus and was comparable with control animals with no GBCA history. Accordingly, in animals that received both GBCAs, the amount of residual Gd correlated with the administered dose of Gd-DTPA (P ≤ 0.002) but not with the total Gd dose, consisting of Gd-DTPA and gadobutrol. The Gd concentration in cortical tissue and in the pons was very low (≤0.07 nmol/g tissue) in all animals analyzed. Conclusion: Multiple exposure to macrocyclic gadobutrol is not associated with Gd deposition in brain tissue of healthy pigs. A single additional administration of linear Gd-DTPA is sufficient for Gd accumulation in the nucleus dentatus and globus pallidus, underlining the importance of obtaining a complete GBCA history in clinical studies.
S
ince their market approval in the late 1980s, gadolinium-based contrast agents (GBCAs) have improved diagnostic magnetic resonance imaging (MRI) and are routinely used by radiologists worldwide. In 2014, the discovery of a relationship between high MRI signal intensities in specific brain regions and previous gadolinium (Gd) administration 1 raised major concerns about the safety of the clinical use of these contrast agents and led to a large number of subsequent clinical and preclinical investigations of this phenomenon (as reviewed in Gulani et al 2 ). Multiple retrospective studies in patients with central nervous system pathologies reported hyperintensities in T1-weighted images in the dentate nucleus (DN) and globus pallidus (GP), confirming the original finding by Kanda et al. 1 These studies additionally provided cumulative evidence that this signal increase depends on the chelate type of GBCAs. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Based on the chemical structure of the ligand, the Gd ion is either chelated by a linear ligand or caged into a macrocyclic complex, which has superior stability under physiological conditions. 20, 21 In most clinical studies, signal increases were reported after multiple administrations of linear but not macrocyclic GBCAs, in line with the different stabilities of the contrast agents. A few studies have reported increased signal intensities in the brain after the use of macrocyclic agents, [22] [23] [24] but 2 of these studies (by Stojanov et al 24 and Rossi Espagnet et al 23 ) have been questioned because of their potential methodological limitations. [25] [26] [27] These imaging studies are indicative of Gd retention, but direct and quantitative Gd measurements are needed to definitively determine Gd presence and exclude other disease-related pathologies associated with T1 hyperintensities. 28, 29 However, compared with the large number of MRI studies, only few studies are available in which Gd was analyzed in human brain samples obtained by autopsy from small groups of patients. 7, [30] [31] [32] [33] [34] In line with the observed MRI phenotype, these studies provided evidence for the presence of Gd in deceased patients after administration of specific GBCAs. Yet, given the small sample size of these studies, no general conclusions could be drawn for all GBCA types.
Although there are few analyses performed in humans due to the lack of human brain specimens for analysis, major progress has been made to elucidate GBCA-mediated Gd retention in rodent studies. These preclinical studies confirmed the clinical observations of T1 hyperintensities after multiple administrations of multipurpose linear but not macrocyclic GBCA. [35] [36] [37] Elemental analysis of rat brain homogenates revealed significantly higher amounts of Gd after repeated administration of linear GBCA compared with macrocyclic agents. [36] [37] [38] [39] [40] [41] An advantage to using rodents is that the studies can be highly standardized and tightly controlled, and therefore, the results are generally highly reproducible. However, other mammals may serve as more appropriate model systems for comparison with brain processes in human patients. When comparing brain anatomy, growth, and development, the human brain is more similar to the pig brain than to the rodent brain. 42 Also, the larger size of pigs' brains facilitates the identification and isolation of different neuroanatomical areas.
The aim of the present study was to retrospectively evaluate Gd concentration after repeated administration of linear and macrocyclic GBCAs in the brains of a heterogeneous cohort of pigs. These healthy pigs underwent various preclinical studies over several years. This heterogeneity within the pig cohort closely resembles the heterogeneity among patients in retrospective patient studies on GBCA-induced brain retention.
MATERIAL AND METHODS

Study Design and Population
This retrospective analysis was conducted on a total of 15 healthy Göttingen mini pigs, 13 (7 female, 6 male) with a history of preclinical studies in contrast media research. Two control animals with no record of GBCA administration were included as controls. The 13 treated animals had been included in several preclinical studies between 2008 and 2016 and had received multiple doses of GBCAs. Contrast agents were administered under anesthesia and used as supplied from the manufacturer: gadopentetate dimeglumine (Gd-DTPA, Magnevist; Bayer Vital GmbH, Leverkusen, Germany) and gadobutrol (Gadovist; Bayer). Application details are summarized in Table 1 . After anesthesia including endotracheal intubation, the animals received short-term aftercare with anti-inflammatory and antibiotic medication. The animals did not undergo any surgery during lifetime, with the exception of early castration for male animals. Unrelated to the GBCA studies, most animals additionally participated in computed tomography studies and received iodinated X-ray contrast agents. Furthermore, the animals were occasionally put under short-term anesthesia for the maintenance of claws and teeth. Four of the animals were used in a non-contrast agent-related pharmacokinetic study as a final experiment before autopsy. Time of autopsy was at least 8 months after the last administration of GBCA. The regulations of the German Animal Protection Law were followed in all animal studies. Gadolinium analysis was performed in a blinded fashion.
Tissue Processing
Whole brain specimens were removed at autopsy and either shock-frozen in isopentane/dry ice and stored at −80°C or processed directly. Brains were divided into cerebrum, cerebellum, and pons and sagittal sectioned into approximately 5 mm slices. Tissue samples were obtained from 5 different neuroanatomical regions according to the stereotaxic atlas of the pig brain 43 : cerebral and cerebellar cortex (sampling from 3 different cortical areas each), cerebral basal nuclei including GP, cerebellar nuclei including DN, and pons (Fig. 1) .
Elemental Analysis
Briefly, tissue samples were manually homogenized as described previously, 41 and aliquots (n = 3) of 20 mg were mixed with terbium and cobalt nitrate (5 nmol/L final concentration each) as internal standards. The samples were dried at 95°C and were then solubilized by adding 50 μL concentrated nitric acid and 30 μL hydrogen peroxide, followed by pressurized digestion at 120°C in a microwave oven. The clear solutions were diluted with 1% nitric acid containing 0.01% Triton-X100. The Gd and iron concentrations were determined by inductively coupled plasma mass spectrometry (ICP-MS, 7900, Agilent, Waldbronn, Germany). The measured Gd concentrations were converted 
Gd indicates gadolinium; GBCA, gadolinium-based contrast agent; Gd-DTPA, gadopentetate dimeglumine; mo, months.
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RESULTS
Pig Cohort
Fifteen animals (13 of which have been used in multiple preclinical GBCA studies between 2008 and 2016, as well as 2 controls) were included in this retrospective study. The characteristics of these animals are listed in Table 1 .
Eight of the animals received both linear Gd-DTPA and macrocyclic gadobutrol and 5 animals were administered only with macrocyclic gadobutrol during the preclinical studies. Other characteristics including single doses, cumulative dose, number of applications, time period between first and last application, as well as time interval between last administration and death displayed a high variance comparable to clinical studies. Single doses ranged from 11 to 320 μmol/kg weight. In pigs, after adjusting for body surface area, a GBCA dose of 110 μmol/kg is equivalent to the standard human dose of 100 μmol/kg. 44 The total cumulative Gd dose ranged from 7 to 129 mmol per animal. It is important to note that the cumulative doses of gadobutrol were substantially higher than those of Gd-DTPA, which were between 7 and 30 mmol per animal. The animals had received at least 4 and no more than 48 injections of GBCAs. The retrospective study aimed to investigate longterm retention of Gd in the brain; therefore, the earliest time point of analysis was 8 months after the last application and ranged up to 3 years with no GBCA administration. In clinical studies, the time interval between the last GBCA injection and death of the patient is highly variable and ranges from days to years. 7, 30, 31, 33 Gadolinium Retention in Specific Neuroanatomical Regions
The Gd concentrations were measured in the cerebellar and cerebral cortex, in the deep nuclei and in the pons. Tissue from the cerebellar and cerebral cortex and pons showed the lowest Gd concentration among the brain regions analyzed. The amount of Gd was below 0.2 nmol/g tissue in all animals analyzed ( Fig. 2 and Table 2 ). The pons and cortices from animals that have received only gadobutrol contained lower amounts of Gd than did animals that received both contrast agents. Most of these animals had concentrations of 0.02 nmol Gd/g tissue or less close to the LOQ (0.005 nmol Gd/g tissue). The amount of Gd present in the gadobutrol-only animals was indistinguishable from control animals, which exhibited similar Gd traces albeit having no history of GBCA administration.
All animals that received only gadobutrol had equally low Gd concentrations in the deep brain nuclei. As in the cortices, the concentration of Gd was 0.02 nmol Gd/g or less in the cerebellar nuclei and 0.01 nmol Gd/g or less in the GP nuclei region. In control animals, the amount of Gd present in the nuclei appeared to be lower than the concentration in the cortices. Measured concentrations were 0.01 nmol Gd/g or less in the cerebellar nuclei and below the LOQ in the GP nuclei region.
Importantly, a single administration of linear Gd-DTPA resulted in Gd concentrations above the median Gd concentration observed for gadobutrol animals. Animal F447, which had received 1 injection of Gd-DTPA (7 mmol) and 23 injections of gadobutrol (cumulative dose: 82 mmol) exhibited a 2-fold higher Gd concentration (0.048 nmol Gd/g tissue in cerebellar nuclei and 0.02 nmol/g tissue in the GP) compared with animals F877 to F879, which had received comparable or even higher amounts of gadobutrol (>28 injections, cumulative dose >88 mmol).
In all animals that additionally received Gd-DTPA, the Gd concentration in the investigated nuclei was consistently higher than in the gadobutrol only group (Fig. 2 and Table 2 ). The amount of Gd was generally higher in the cerebellar nuclei compared with the cerebral GP (nuclei) region. In animals receiving both Gd-DTPA and gadobutrol, a maximum Gd concentration of 2.2 nmol/g tissue (median, 1.01 nmol/g) was detected in the nuclei of the cerebellum, and 0.97 nmol/g tissue (median, 0.53 nmol/g), in the GP.
There was a strong positive correlation observed between Gd concentration in the GP and the cumulative dose of linear Gd-DTPA (r = 0.90, P < 0.0001). This is in contrast to the total GBCA dose, where no correlation was observed (r = 0.29, P = 0.3269). This provides further evidence that Gd deposition originates from linear contrast agents (Fig. 3A) . A similar correlation was observed for the cerebellar nuclei (Fig. 3B) . At time points greater than 8 months after the last GBCA administration, there was no evidence of a continuous clearance of the retained Gd in animals that additionally received linear Gd-DTPA. Both the period in which the cumulative dose was administered and the time interval between the last GBCA exposition and autopsy did not negatively correlate to the measured Gd concentration (data not shown). For example, the Gd deposition in animal D328, which received a cumulative dose Gd-DTPA of 19 mmol within 4 weeks, was similar to that of animal E250, which received a comparable dose (21 mmol) over a time period of 10 months. The number of applications (8) and time period between last application and death (34 and 30 months) were similar in these 2 animals.
In comparison with Gd, we analyzed iron as a physiological metal in the brain. The median iron concentration in the cerebellum and cerebrum was between 425 and 830 nmol/g tissue, and the pons contained around 300 nmol/g tissue ( Table 2) .
DISCUSSION
For the past several years, there has been increasing evidence of persistent magnetic resonance (MR) signal hyperintensity in specific brain regions after multiple administrations of GBCAs, triggering several investigations on the safety of these contrast agents. Most clinical studies [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] reported that MR signal hyperintensity is only associated with the application of linear agents. However, MRI studies are indirect measures, and direct quantitative Gd determination in tissue is needed to verify that Gd is retained in organs such as the brain. Apart from the brain, Gd has been detected in bone, liver, and skin, indicating that Gd retention can occur throughout the whole body. 31, [45] [46] [47] [48] Because of the limited availability of human brain specimens, much information on Gd retention in the brain has been acquired from rodent studies. The preclinical studies performed in rats [36] [37] [38] [39] [40] [41] provided cumulative evidence for Gd presence in the brain after GBCA administration and support that Gd deposition is largely restricted to linear agents with minor Gd retention observed for macrocyclic GBCAs.
Although these rodent studies have been extremely valuable as mechanistic studies, they were carried out in inbred young animals under highly standardized experimental conditions. In addition, GBCAs in rodent studies are often administered repeatedly with high doses over a relatively short time. These conditions help to control outcome variability but do not reflect typical clinical settings. Major heterogeneities in clinical cohorts of patients receiving GBCA concern sex, age, dosage, and number of and time between applications. Therefore, this retrospective study was carried out in a heterogeneous pig cohort for closer comparison with clinical cohorts. The pig cohort included a group of animals that received multiple doses of both linear Gd-DTPA and macrocyclic gadobutrol and a group that received gadobutrol only.
The neuroanatomy of the porcine brain has inherently greater similarity to the human brain than that of laboratory rodents. Among other differences, the pig cortical surface is gyrencephalic (folded) similar to humans, whereas rat brains are lissencephalic (smooth). 49 Furthermore, the use of a larger animal species permitted the isolation and differential analysis of specific neuroanatomical regions.
In this study, distinct Gd accumulation was observed in the deep cerebellar nuclei and the GP nuclei, but the accumulation was restricted to animals that received linear Gd-DTPA. In animals that received only gadobutrol, the median Gd tissue concentration in the nuclei was 50 times lower than in animals that also received Gd-DTPA and was close to the LOQ. The Gd accumulation was correlated only to Gd-DTPA dose and not to the total Gd dose, including macrocyclic gadobutrol. Remarkably, a single administration of linear Gd-DTPA sufficed to induce a marked increase in the Gd concentration in these areas. The results underline the necessity to obtain the complete history of all GBCA administrations in patients that are included in clinical studies, which, unfortunately, is often hard to achieve.
The dose-dependent accumulation of Gd with a linear GBCA is consistent with results from a clinical study by McDonald et al. 7 The authors detected a median concentration of 6.6 μg/g (41.2 nmol/g) in the DN and 1.7 μg/g (10.7 nmol/g) in the GP of patients (n = 13) who received linear gadodiamide and reported that the Gd concentration correlated with the cumulative gadodiamide dose. Their cohort included patients with a cumulative dose greater than 200 mmol Gd, which exceeds the doses of linear Gd-DTPA administered in this preclinical 
study (≤30 mmol Gd corresponding to ≤27 mmol Gd equivalent human dose).
Recently, Murata et al 31 published an autopsy analysis including a small sample size for macrocyclic gadoteridol (n = 5). They measured Gd concentrations between 0.005 μg/g (0.03 nmol/g) and 0.066 μg/g (0.42 nmol/g) in the GP and calculated a 20-fold lower Gd deposition rate following gadoteridol as compared to the published data on gadodiamide. 31 The order of magnitude in the difference in Gd Data are median (interquartile range) tissue concentrations for animals receiving Gd-DTPA and gadobutrol (n = 8), animals receiving only gadobutrol (n = 5), and control animals (n = 2).
Gd indicates gadolinium; GBCA, gadolinium-based contrast agent; Gd-DTPA, gadopentetate dimeglumine; LOQ, limit of quantification; n.a., not analyzed.
deposition between linear (gadodiamide) and macrocyclic (gadoteridol) GBCAs observed in humans is thus comparable to the difference observed for Gd-DTPA/gadobutrol versus gadobutrol alone in this pig study. Surprisingly, Murata et al. reported Gd concentrations of 0.19 μg/g (1.2 nmol/g) and 0.63 μg/g (3.94 nmol/g) from 2 gadobutrol patients, which is an at least 10-fold higher increase in Gd found in patients who received gadobutrol compared to gadoteridol patients. This is in contrast to our data and to a previously published preclinical rat study which showed a similar magnitude of Gd concentration between gadobutrol and gadoteridol after 8 weeks in whole brain homogenates and tissue slices using ICP-MS and LA-ICP-MS. 41 It is crucial to identify potential confounding factors when assessing Gd tissue retention in patients. In the study by Murata et al, 1 of the 2 gadobutrol patients had received the last dose of gadobutrol only 5 days before death and as the authors stated possibly at a time point with multiple organ failure. The second gadobutrol patient had liver cirrhosis. The accumulation of manganese and other metals in the brain is often observed in patients with liver cirrhosis, suggesting alterations of neurophysiological pathways that have a potential impact on GBCA clearance. 28, 50, 51 Finally, the authors could neither ascertain that this patient's glomerular filtration rate was not severely reduced nor completely exclude previous unknown GBCA administrations. Taken together, generalization of the findings in these 2 gadobutrol patients is not warranted. 31 The potential clearance of Gd from the brain remains an important question for the safety of GBCA. Data from preclinical rodent studies provided evidence for partial clearance of Gd over time, but long-term studies are required to draw definite conclusions. 38, 39, 52 In rodent models, Gd concentration was mostly measured at earlier time points because of the shorter life span of this species. After an 8-week Gd-free period, residual amounts of Gd were also detected for macrocyclic agents in the brain but were significantly lower than for linear agents. 38, 39, 41 Both Frenzel et al 38 and Kartamidhaja et al 39 indicated superior clearance of brain Gd from macrocyclic agents, whereas the elimination of Gd from linear agents was limited. In the study by Frenzel et al, 38 Gd from gadobutrol was reduced by~70% between day 3 and 24 postinjection compared with less than 50% clearance of Gd-DTPA. More importantly, at day 3 the Gd species from gadobutrol-treated animals was predominantly present in a soluble fraction rendering it available for further excretion whereas a larger fraction of linear-derived Gd was found in an insoluble form or bound to macromolecules possibly impeding clearance from the brain. The soluble Gd species present in animals that received macrocyclic GBCA eluted identically as intact GBCA with no observation of a high molecular weight peak.
This retrospective pig study investigated long time retention (>8 months) after multiple nonuniform GBCA administrations in healthy animals with no underlying disease as a confounding factor. The amount of Gd found in animals that have received only gadobutrol was very low and comparable with the control animals supporting a continuous and nearly complete clearance of macrocylic agents. As rodent studies indicate a clearance of GBCA from the brain, the Gd-free period is a potential confounding factor in clinical studies. With striking differences in the clearance rates of GBCAs, details such as highly variable time periods-ranging from a few days to years 7, 30, 31, 33 -between the last GBCA application and the MR study or death of a given patient must be thoroughly accounted for when it comes to data interpretation.
We were unable to identify a correlation between the Gd-free period and brain Gd concentrations in the group that received both gadobutrol and Gd-DTPA, but the small sample size and the high variability in the timing and dosage of treatment among the pigs could have masked weaker correlations. A recent study in rats has investigated the clearance of linear gadodiamide after 20 weeks and reported a brain clearance of approximately 50% at this time point. 52 However, further long-term studies are needed to investigate whether linear type GBCA can be completely eliminated from the brain or if a certain fraction, presumably the insoluble form of Gd, is ultimately deposited in the tissue. Cortical structures, which account for more than 80% of brain mass in humans, 53 and the pons exhibited only very low Gd concentrations below 0.2 nmol/g. The difference between gadobutrol/Gd-DTPA and gadobutrol-only animals was less pronounced in these structures and similar Gd traces were also detected in control animals with no history of GBCA administration. Gadolinium quantities in tap water reported for Berlin, Germany, [54] [55] [56] are one possible explanation for the trace amounts of Gd found in the brain samples. Increasing amounts of Gd in surface and tap water have been reported in several densely populated areas. 57, 58 We also point out that only 2 animals were included as controls and that the concentrations were very low and near the LOQ of the instrument. Interestingly, for control animals, the amount of Gd measured in the nuclei regions was at (cerebellum) or below (cerebrum) the LOQ.
Most studies in rats did not distinguish between cerebellar cortex and cerebellar nuclei because of the small size of the rat brain. A recent study by McDonald et al 59 measured Gd in excised tissue of the DN but did not provide the Gd concentration in the cerebellar cortex for comparison. The rat study by Lohrke et al 41 used spatial resolved laser ablation ICP-MS to analyze the Gd distribution within a tissue slice taken from the region of the DN that included cortical structures. They reported that a lower amount of Gd is also present in specific cortical structures (granular layer) of the cerebellum after administration of linear agents. An autopsy case report published by Roberts and colleagues 34 similarly showed a high amount of Gd within the DN and lower but significant amounts in specific regions throughout the cerebellar cortex. In both the rat study and the single case report, analysis was performed at an earlier time point with less than 12 weeks after the last administration. With regard to the possibility of a continuous clearance mechanism, the time point has a potential influence on the brain distribution. In our study, we analyzed excised whole cortical tissue that included all substructures and did not provide a spatial resolution of the Gd distribution in the cerebellar cortex. Thus, we cannot exclude the presence of Gd-enriched substructures within the cerebellar cortex.
Transmetallation processes by endogenous ions, in particular iron, have been suggested and iron-binding proteins such as transferrin are potential macromolecular binding partners for Gd. 60 However, further studies are needed to analyze Gd transmetallation and to identify possible binding partners. This study reports iron concentrations in the brain and thus provides information on the physiological environment that has to be taken into account when analyzing the extent of transmetallation. However, iron is not present as a free ion that would be required for transmetallation processes. In vivo iron is bound to high-affinity carrier proteins.
This study has limitations, and certain questions remain unanswered. First, the specific form of the measured Gd is unknown. The data do not distinguish between free ions, intact GBCA, or any other Gd species. Second, contrast agents were administered under anesthesia. This does not confound the differences between GBCAs observed in this study, but it might increase overall clearance from the brain. In rodents, it has been shown that natural sleep or anesthesia promotes the elimination of solutes from the central nervous system by increasing glymphatic influx and efflux. 61, 62 After the GBCA imaging experiment, the animals received an anti-inflammatory medication as a precaution to any intubation-induced injury. As inflammatory mediators can negatively influence blood brain barrier permeability (as reviewed in Varatharaj and Galea 63 ), the short-term anti-inflammatory medication minimizes potential procedure-induced inflammation. Third, this study provides results from a limited number of subjects. It is possible that additional correlations have been missed because of the small sample size. Furthermore, the tissue from different brain regions has been excised Investigative Radiology • Volume 53, Number 5, May 2018
Gadolinium Deposition in Pig Brain manually after visual assessment. Nuclei regions were small and a certain degree of impurity due to the concurrent excision of some adjacent tissue cannot be excluded. We did not analyze the complete cerebral and cerebellar cortex. Cortices were analyzed by random sampling from 3 different cortical areas and thus are limited and may not fully represent this brain structure.
In conclusion, the results of this retrospective pig study confirm and contribute to the growing body of evidence that Gd retention in the brain is dependent on the type of contrast agent applied. Macrocyclic gadobutrol is not selectively retained in the brain tissue of a higher species. Gd accumulation is found only in the cerebellar nuclei and GP after administration of linear Gd-DTPA. The results of this study demonstrate that a relationship between cumulative dose and tissue accumulation existed only for linear GBCAs but not for macrocyclic GBCAs in pigs.
